The impact of root temperature on Ni and Co concentration and accumulation has been studied in organs (roots, tubers, stems and leaves) of Solanum tuberosum L. var. Spunta plants. The response of foliar-and root-urease activity was also determined under the same conditions. Four different polyethylene plastic covers were employed (T1: transparent; T2: white; T3: coextruded black + white; T4: black), using uncovered plants as control (T0). The different treatments had a significant effect on mean root zone temperatures (T0 = 16˚C, T1 = 20˚C, T2 = 23˚C, T3 = 27˚C and T4 = 30˚C) and induced a significantly different response in the Ni and Co distribution in potato organs, since T3 (27˚C) gave higher concentrations of Ni in roots, leaves and tubers. The T1 (20˚C) registered the greatest Co concentration in leaves and roots, while T3 gave higher Co concentrations in tubers. The tubers proved to be the organs with the highest biomass and also the highest Co and Ni accumulation. With respect to the response of the urease activity as Ni-bioindicator, the root urease activity was higher in T1, whereas the leaf urease activity was higher in T3 and T4, coinciding with higher concentrations of leaf Ni. It is necessary to ascertain the relevance and control of the thermal regime of the soil to optimize the phytoextraction (phytoremediation) of elements.
Introduction
Ni is an essential micronutrient for higher plants, and is necessary in the N metabolism as well as seed germination (Welch 1986 (Welch , 1995 . Cobalt (Co) is also currently considered essential for legumes and certain cyanobacteria (Perez-Espinosa et al. 1999) . Although its effects on higher plants are not entirely clear, however the Co content in plants is important in animal and human nutrition (Palit et al. 1994) .
* E-mail corresponding author: Mourad.Baghour@genfys.slu.se Urease (EC 3.5.1.5) activity requires Ni as a key component of its active center (Gordon et al. 1978, Blakely and Zerner 1984) . Nevertheless, Watanabe et al. (1994) , showed that in cucumber plants grown under low-Ni supply, leaf urease activity was induced by Co, while later results established that Co could not replace Ni as a component of urease (Gerendás et al. 1998) .
Recently, the use of plants to extract heavy metals from soil (phytoextraction) has received much attention due to the possibility of decontaminating polluted soils (Phytoremediation) by using plants having vigorous biomass accumulating and showing tolerance to high concentrations of elements in the harvestable portion (Salt et al. 1998) .
Root temperature, is a key factor in altering ion accumulation (Miyasaka and Grunes 1997) , which diminishes in plants at suboptimal root temperatures, due to unbalanced biochemical reactions (Bowen 1991) .
In recent years, covering soil with plastic mulches has boosted agricultural output in many geographical areas (Manrique 1995) , by promoting favourable root-zone temperatures and thereby improving both yield, as well as quality in many crops (Gajri et al. 1994 , Schmidt and Worthington 1998 , Hanna 2000 , Tarara 2000 . These beneficial effects depend on the composition of the plastic that is, its efficiency in absorbing light (Ham et al. 1993 , Hatt et al. 1993 .
Nevertheless, little information is available on the soil thermal regime generated by mulches in relation to plant nutrition and phytoextraction. Therefore, the present work was designed to determine the impact of root temperature manipulated by the application of different mulches, on the concentration and accumulation of Ni and Co as well as on the Ni-biochemical indicator the urease activity in potato plants.
Materials and Methods

Crop design
The experiment was conducted for three consecutive years (1993, 1994 and 1995) in an experimental field (Granada, Spain), using Solanum tuberosum L. var. Spunta, planted at the beginning of March, and the crop cycle was about 4 months. The climate was semiarid and the area intensively used for agriculture.
The soil analysed in pre-planting was a Xerofluvent with sand 45.3 %, silt 43.2 %, and clay 11.2 %. The rest of the characteristics are showed in the The different treatments consisted of covering the soil surface of each plot with plastic mulches (polyethylene sheets), making a tight seal with the soil: transparent (25 µm in thickness, T1), white (25 µm, T2), coextruded black + white (50 µm, T3), and black (25 µm, T4). Finally, no plastic was applied in the control treatment (T0).
The root-zone soil temperature was measured at 15-cm depth, using probes (107 type; Campbell Scientific TM), 6 times at 4-hour intervals per day every 3 days of the crop development, and mean values were calculated for each treatment over experiments (Table 2) .
Plant sampling
The plant material (roots, leaves, stems and tubers) was sampled 6 times every two weeks, throughout the plant development for the three years of experiments. For each sampling, 10 plants were collected from each replicate per treatment. Leaf samples were taken from fully expanded leaves of the same size. Leaves were picked at about one third of the plant height from the plant apex. Roots, leaves, stems and tubers were rinsed three times in distilled water after desinfecting with non-ionic detergent at 1% (Wolf 1982) and then blotted on filter paper. At each sampling, fresh matter was used for urease assay, and then a subsample was oven dried (70˚C for at least 48 h), ground in wiley mill (made of plastic to reduce metal contamination) and then placed in plastic bags for the further analyses.
Plant analysis
For the assay of Co and Ni concentrations, oven-dried and pulverized plant material was digested with concentrated nitric acid and hydrogen peroxide, after which measurements were made with an atomic absorption spectrophotometer equipped with a graphite furnace (Jones 1991).
For the soluble Ni and Co determinations, dry matter (0.15 g) was extracted with 10 mL 1 mol/L HCl for 30 min and then filtered, and determined using the method indicated above. Reagent blanks for both analysis were also prepared performing the entire extraction procedure but in the absence of the samples.
Urease (E.C. 3.5.1.5) activity was determined using method of Hogan et al. (1983) , based on the measurement of ammonia derived from the enzymatic hydrolysis of urea (Nicolaud and Bloom 1998) .
Statistical analysis
All data were subjected to an analysis of variance and the mean of separations according to the Duncan's Multiple Range Test are represented with lowercase letters in the tables and figures. Simple correla-tion analyses were also performed: *** = P < 0.001; ** = P < 0.01; * = P < 0.05; N.S. = non-significant. Table 2 shows the mean values for root-zone soil temperatures generated by the different cover treatments applied as well as for the open-air plots. We found the highest mean value at T4 (30˚C) and the lowest in the open-air treatment (T0, 16˚C). According to Ham et al. (1993) , the black polyethylene (our T4), absorbs roughly 96 % of the short-wave radiation while reflecting very little, and thus absorbed radiation conducted to the underlying soil, warms the soil (Teasdale and Abdul-Baki 1997) . The white polyethylene (T2) induced a cooler soil temperature than did black (T4) because the former reflected most wavelengths of solar radiation (Hatt et al. 1993 ). Schmidt and Worthington (1998) , demonstrated that transparent mulches as T1 do not cause soil warming, presenting mean temperatures of 18 -20˚C during the crop cycle whereas the black + white coextruded covers generate higher root temperatures (27˚C in T3). Table 2 presents the biomass results (in a dry-weight basis) for the different potato organs. The dry mass was significantly affected by the root temperature resulting from the treatments. Thus, for the roots, leaves and tubers, the highest values were found in T3 (27˚C), and the lowest in T1 (20˚C), the latter values being lower than in T0 (16˚C). Only in the stems, T1 reached higher dry weight than in the other treatments.
Results and Discussion
Root Temperature
Biomass
In the T1 (20˚C) a negative influece was pronounced as the lower biomass could be explained by the composition and physical structure characteristics of the T1 cover, because the transparent polyethylene transmits a high percentage of solar radiation, which causes an increase of the root temperature and humidity. These conditions, along with the intercepted light, are favourable for the growth of competing species that causes a decrease in the yield, because they compete for nutrients, the light, the space, the water, etc. (Ham et al. 1993 , Ruiz et al. 1999 , Tarara 2000 . Klock et al. (1996) , studying tomato plants, reported an increase in total biomass in plants within the root-zone temperature range of 24 -27˚C, while outside this range, the dry weight fell. However, the decrease in dry weight in T4 could be due to the high root temperature exceeding 29˚C with retarded development and lower dry-weight accumulation (Table 2) .
Ni and Co concentrations
The different root temperatures generated by the plasticcover treatments influenced the Ni concentrations (Fig. 1 A) . In stems, the lowest level was found in T2 (5. With respect to soluble Ni, in leaves, the highest concentration was recorded in T3 (1.2 mg kg -1 d.w.) and the lowest in T1 (0.6 mg kg -1 d.w.). In the stems (Fig. 1 B) , the highest concentration was given in T1 (1.2 mg kg -1 d.w.) and the lowest in T3 (0.9 mg kg -1 d.w.). In roots, higher concentrations were recorded in T2 and T3 (1.1 mg kg -1 d.w.), while the lowest was given by T0. In tubers, higher root temperature augmented the soluble-Ni concentration, so T3 (27˚C) and T4 (30˚C) presented the higher levels, this being near 40 % over T0, while the lowest was recorded in T1 (0.3 mg kg -1 d.w.). 1.9 mg kg -1 d.w. in leaves), while T3 and T4 gave lower levels than T0. In stems and tubers, the Co concentrations were greater in T3, with T0 and T1 registering lower concentrations. With respect to soluble Co (Fig. 2 B) (23˚C) and T3 (27˚C) giving higher Ni in the roots, leaves and tubers, while the Ni concentration diminished at the highest temperature (T4 = 30˚C), possibly due to reduced growth and also reduced absorption of this metal. However, in the stems, the high Ni levels at lower temperatures (T1 = 20˚C) resulted apparently from the mobilization of this metal towards the other plant organs. In addition, the highest Ni concentrations occurred in the aerial part (leaves and stems) this being owed to the high mobility of this element (Poulik 1997) .
With regard to Co, an increase in root temperature from 16˚C (T0) to 30˚C (T4) negatively influenced the metal and soluble-Co concentrations in roots and leaves probably due to an interaction between Co and Ni, since the correlations observed were strongly significant (r = -0.994***). Meanwhile, in leaves and tubers, the lower Co concentrations in T2, T3 and T4 were owed to a possible reduced translocation of this element from the roots and stems these latter organs presenting high levels of this element (Figs. 2 A and 2 B) .
Increased Ni uptake at concentrations higher than 250 mg kg -1 d.w. negatively affects the metabolism of plants (Mishra and Karr 1974) and results in reduced growth and even in mortality (Gough et al. 1979) . In our Spunta variety of potato, the Ni concentrations can be considered «normal» or «low» levels, according to the above intervals, but compared with the foliar concentrations (0.3 -3.5 mg kg -1 d.w.) reported by Pais and Jones (1997) , these appear to be relatively high. Phytotoxicity levels of Co vary widely depending on the plant species, from 6 mg kg -1 to >140 mg kg -1 leaf d.w. (Pais and Jones 1997) . In our potato crop, no toxic symptoms from excessive Co were evident, and the values in the leaves were < 5 mg kg -1 d.w., and thus toxic concentrations were not reached either for human or animal consumption (Gupta and Gupta 1998 ).
Urease activity
Urease, because of its function in the hydrolysis of urea, is a key enzyme in N metabolism (Gerendás et al. 1998 , Khan et al. 1999 , and requires Ni as the vital component for its active centre (Blakely and Zerner 1984, Gerendás and Sattelmacher 1999) . Table 2 presents the effect of the root temperature on urease activity, with the highest root urease activity in T1 (17% higher than T0), and the lowest in T4. The foliar urease activity showed the strongest value in T3, and the lowest in T1 (35 % lower than T0); thus, root temperature influenced urease activity, in the roots (P < 0.05) and leaves (P < 0.01). In potato roots the urease activity was not a suitable bioindicator for Ni nor Co, as Ni and Co concentrations were not correlated to the enzyme activity (P > 0.05; r values not significant); and higher elemental concentrations in T2 and T3 were not clearly related to the lower urease activity in this treatment, possibly as a result of reduced activity at high temperatures (T3 and T4). In potato leaves the urease activity was lower, coinciding with lower Ni concentrations, and these field results were similar to those found by Gerendás et al. (1998) and Gerendás and Sattelmacher (1999) under controlled conditions. ), while T1 reduced Ni accumulation. In leaves, no treatment except for T1 (which registered the lowest content, at 30 % less than T0) significantly differed from the others. In stems, the lower total-Ni were recorded in T0, T2 and T3 and the highest was found in T1 (14 µg plant -1 ) without statistical difference with respect to T4. If we take into account the accumulation of all organs as a whole (complete plant), the total Ni content in the roots was striking in comparison to the other organs, since the relative accumulation of Ni in the roots ranged from 3 -5 %, whereas in tubers the percentage was 59-77 %, with 11-15 % in leaves, and 8 -23 % remaining in stems.
Ni and Co accumulation
The accumulation of soluble Ni (Fig. 3 B ) whereas T1 brought a decline of some 31 and 51% in roots and leaves, respectively, in comparison to T0. In stems the greatest accumulation was found in T1 (2.7 µg plant ) and lowest in T1 (58 % less than in T0). In relation to the relative distribution of accumulated soluble Ni, the higher percentages were recorded for tubers (43 % -68 %), with the remaining amounts being distributed between stems (11-33 %), leaves (14-17%), and roots (8-12 %). Figure 4 (4 A and 4 B) shows the accumulation of Co and soluble Co in response to the root temperature treatments. In the leaves, no significant differences were found between the treatments and with respect to the roots, higher accumulation values were given in T0, T2, T3 and the lowest in T1. In the stems, the greatest accumulation was reached in T4 (4.8 µg plant ) and the lowest in T1 (40 % lower than in T0). With respect to the relative distribution of total Co in the different organs, we found the highest values in tubers (62 % -81 %), whereas lower values were registered in stems (6-15 %) and leaves (6-14 %), and finally the roots (6-10 %).
With respect to the accumulation of soluble Co (Fig. 4 B) , a notably positive effect of T3 was exerted on the roots (0.6 µg plant ), while the lowest value was registered in T1 for these organs. In the stems, the highest accumulated soluble-Co level was found in T4 (0.6 µg plant According to Salt et al. (1998) , the «ideal» plants for phytoextraction are characterized by producing high biomass (i.e., in our experiment, in tubers), and according to Hocking (1994) , the accumulation of metals in the sinks depends on the mobility of each element and on the size of the sink, with the greatest phytoextraction occurring with the greater biomass production (Huang et al. 1997) . Thus, Ni in potato, is rapidly transported towards the reproductive organs through the phloem (Welch 1986 ) to the tubers (Figs. 3 A and 3 B) and Co, considered to have low mobility within plant organs (Moreno-Caselles et al. 1997) , also showed higher accumulation in potato tubers (Figs. 4 A and 4 B) . Thus, the T3 treatment was more efficient for the extraction of Ni and Co in the organs (mainly the tubers) of the potato.
Considering that the Ni and Co levels in the soil (Table 1 ) were reduced near 3 times at the end of the experiments and that the plants received these elemetns via soil and irrigation water as well as other elements -metals and non-metals through the crop development -, in relation to the possibilities of the use of this cultivation technique and of potatoes for hyperaccumulation, Salt and Krämer (2000) propose that a plant is a «hyperaccumulator» when the ratio (concentration in the aerial part) : (concentration in the root part) = A.I. > 1, based on Baker (1981) . From this proposal, we can highlight the fact that, for Ni, A.I. was > 1 in all cases. According to the concept of «hyperaccumulator» it is possible to be considered, in general, the potato plant with «possibilities for phytoremediation», independently of the conditions of the treatments. However, it is necessary to study and to control the soil thermal regime (with techniques of low environmental impact as mulch) to favour the processes of phytoextraction of elements from the soil and irrigation water. Thus, the physicochemical characteristics of the plastic covers can favour and accelerate the phytoextraction processes, reducing the time of decontamination of an agro-ecosystem.
